Aim To investigate effects of within-season and interannual climate variability on the behaviour of boreal forest ecosystems as simulated by the FORSKA2 patch model.
INTRODUCTION
warming on soil moisture stress in the borealinto warmer conditions and lower rainfalls in the south. The results of the simulations were unsatisfactory, however, in the temperate deciduous transition forests of northern Michigan.
Relatively few published patch model simulations have predicted latitudinal distribution of dominant species, implying some deficiencies in the modelled responses to climate (as it considered the impacts of year-to-year variations in climatic forcing. Fischlin et al. (1995) and , however, affects competition processes). This is an important factor when considering responses to a changing climate, since the have drawn attention to some effects of using variable climate data, and recognize the need to consider climate variability in successful estimation of future biomass C dynamics will depend on changes in individual species responses and their simulations of ecosystem responses to climate change. As show very clearly, model simulations using consequences for species composition. A possible explanation was the lack of variability in the simulated climate, which average climate values, or even stochastically generated variable data, can produce results very different from those obtained allowed survival of species that should otherwise have been excluded by climatic extremes. The primary objective of the using actual climate records (monthly or daily). A possible hypothesis for this is that the individual species present study was to investigate the consequences of using a long-term climate record with realistic variations in temperature parameterizations adopted in many models are tuned to the mean climate (e.g. isolines of mean January temperatures, or and precipitation on simulations of boreal ecosystem dynamics for sites along the transect. The approach adopted was to average growing degree days). The survival of individual species in, and their contributions to, simulations of current and future compare simulation results obtained using monthly time-series of climate data, with those obtained using long-term averages forest structure are therefore made dependent upon conditions that rarely, if ever, occur in reality. Indeed, it may often be the derived from the same records. case that the presence or absence of a particular vegetation species or functional type in a given region is actually governed METHODS by the infrequent occurrence of extreme anomalous temperature or moisture conditions quite different from the mean values
Tests of FORSKA2 were carried out for eleven locations in used in most gap model simulations. Examples include: extreme mid-continental Canada, corresponding to the positions of low temperatures which cause killing frosts; unusual early Atmospheric Environment Service (AES) climate stations (AES, thaws leading to increased die-back from late spring frosts; 1983) , and approximately coincident with the Boreal Forest extreme high temperatures which cause protein-denaturing heat Transect Case Study (BFTCS) (Price & Apps, 1996 ; Fig. 1 ). stresses and/or high evaporative demands that cannot be met;
The BFTCS is one of the IGBP GCTE high latitude transects sequences of cool wet summers causing abnormally high (Koch et al., 1995) initiated by the Canadian Forest Service productivity; and sequences of severe droughts causing the as an extension of the Boreal Ecosystem-Atmosphere Study death of nondrought-tolerant species.
(BOREAS) (Sellers et al., 1995) . The transect covers In principle, such limitations could be overcome by driving approximately 1000 km×100 km, orientated along an the simulations with an actual climate record, in which yearapproximate north-east-south-west ecoclimatic gradient to-year variations in temperature, precipitation and other extending from the grassland-forest transition ('aspen factors, are used to represent the climate variability at a given parkland') region of southern Saskatchewan, across the boreal site. In practice, several problems emerge. Firstly, some model forest to the subarctic woodland in northern Manitoba (Price assumptions must be modified, to account for the change from & Apps, 1995). The BFTCS is intended as the focus for species distributions related to isolines of climate normals, to coordinated long-term multidisciplinary studies of boreal forest those related to extreme events. Such modifications are not responses to global change which combine both field trivial, because relationships between climatic means and experiments and simulation modelling. extremes are often highly nonlinear. Other confounding problems include: incomplete or inadequate climate records, Climate data particularly for sites in remote areas where the extreme anomalies may not have been recorded; decadal or longer-term trends in the records, including possible systematic changes in Detrending Monthly climate data (i.e. monthly averages of daily minimum climate; and interactions of responses to variable extremes that do not manifest when climate averages are used.
and maximum temperature, T min , T max and total precipitation, P t ), derived from station records, were used to synthesize FORSKA2 is a forest patch model designed originally to simulate landscape-level processes in Scandinavian boreal forest continuous monthly time-series data for each site (explained in detail below). Long-term monthly records of bright sunshine ecosystems (Leemans & Prentice, 1989; Prentice et al., 1993) . Selected as an established model of boreal forest processes, it hours were not available for all stations; instead monthly averages, expressed as a fraction of total daylight hours, were was applied to the boreal zone of central Canada by Price et al. (1993) and Price & Apps (1996) . When driven by 30-year taken from McKay & Morris (1985) , and interpolated to the latitudes of those stations where radiation data are not recorded climate normals, FORKSA2 was found to give credible results for above-ground biomass and C storage densities in boreal routinely. The long-term climate record was synthesized, in preference communities along an ecoclimatic transect extending from northern Manitoba into southern Saskatchewan. The transect to employing a climate generator such as Wilks's (1991) , because such a synthesis should preserve any site-dependent is characterized by a cold-moist climate in the north, grading autocorrelation effects among the climate variables of interest. generated retain the following statistical characteristics of the original records: (1) same long-term mean; (2) same mean range The longest climate records are available for the southernmost stations (Medicine Hat and Saskatoon), extending back between monthly T min and T max ; (3) same average seasonal variation (i.e. winter-summer differences). They do, however, 100 years or more. Stations located further north typically have shorter, often very incomplete, records. Regardless of the record introduce an unavoidable periodicity equal to the length of the observational record. The periodicity could be avoided by length and completeness, the available data were replayed repeatedly to generate 800-year data sets (which provided adapting the model to select monthly values (or yearly sets thereof) at random from the input data set, but this approach simulated time sufficient for the model output to stabilize).
Two manipulations were carried out to avoid undesirable removes some of the autocorrelation occurring between consecutive months or years. artifacts in the synthetic time series. Firstly, long-term trends in the means for each month were removed. Taking all data available (for each of T max , T min and P t ) for each month in turn, Model modifications linear regressions were performed using time as the independent variable; the detrended values were then calculated by treating FORSKA2 simulates stand growth dynamics in arrays of 0.1 ha patches, interrupted at random intervals by patch-replacing the residuals as anomalies from the mean. Thus, the observed value was adjusted by adding (ȳ-y′) , where y′ is the regression disturbances. Climate data influence the growth processes (but not the disturbances), both directly and via a soil water 'bucket' estimate and ȳ the mean of the time series. The magnitudes of the anomalies varied with the location and length of record: model which balances daily actual evapotranspiration estimated from the Priestley & Taylor (1972) equation against daily P t frequently they were of the order of 2.0-3.0°C, and 20-30 mm-large enough to have a significant confounding effect (interpolated from monthly values). Instead of imposing a maximum temperature limitation to growth, as is used in some when compared to the climate change signal derived from many GCM simulations. Secondly, gaps in the monthly data other gap models (Shugart, 1984; Shugart & Prentice, 1992) , the accumulated soil moisture deficit during the growing season were filled, by inserting the calculated mean monthly values, except for those instances when only one of (T max , T min ) was is used as an environmental limitation on sapling survival and tree growth rates. missing. In the latter case, the mean monthly difference (T max -T min ) was either added to T min or subtracted from T max .
Earlier studies performed with FORSKA2 using constant climate data sets (Price et al., 1993; Price & Apps, 1996) It should be emphasized that the objective of these manipulations was not to produce definitive representations of revealed an apparent problem with the water balance submodel. Examination of the daily time series of evapotranspiration (E A ) true past climate, but rather to generate usable time series longer than were available from the observational record. In and other water balance components generated by FORSKA2 showed that simulated E A was often too high for the available addition to preserving most of the observed natural interannual variation and autocorrelation, the synthetic time series so soil water, because there was no mechanism for decreased soil moisture content to cause reduced canopy conductance. Hence, consider the feedback effects of daily mean soil water content ( ) on stomatal control. the soil would dry out too rapidly, creating overly severe drought effects on growth, particularly in years of lower-thanHence, as in the original submodel, the modified version estimates daily temperature and precipitation from monthly average precipitation. This inference was supported by recent observations from the BOREAS experiment that E A from boreal averages (i.e. possible intramonthly variation was ignored). Daily solar radiation is simulated using an empirical equation conifer stands was significantly lower (and sensible heat transfer higher) than would be expected for other conifer ecosystems of Boisvert et al. (1990) , which estimates average cloud effects from mean monthly hours of bright sunshine including station with similar soil water status (Sellers et al., 1995) .
The implications of this for simulations using constant rainfall data as a correction factor. Vapour pressure deficit, D 0 , is estimated hourly (from the interpolated daily T max and T min ) climate data would not be too serious, because the multiplier representing annual soil water deficit applied to the growth and used as an input for solving the surface energy balance equation using the iterative method of Bristow (1987)-which rate for each species would be the same every year. For the BFTCS, observed species distributions are evidently determined returns hourly estimates of E A and net radiation, R n . The Priestley & Taylor equation is used to estimate E P . While by the interaction of moisture regime and temperature, and year-to-year variations in the magnitudes of wet and dry the Samani & Hargreaves (1985) equation might be a better representation for some scenarios, the careful work of extremes would be expected to affect the growth of different species to differing extents. Hence, modifications to the soil McKenney & Rosenberg (1993) suggests that the PriestleyTaylor formulation is not inappropriate for use with some water balance submodel were warranted when dealing with a varying climate record. These changes led to a reassessment of 2×CO 2 climate change scenarios (notably GISS), given the limited input data. With the Priestley-Taylor alpha parameter the function representing tree responses to drought, and the need to modify some of the drought response factors for set to 1.25, hourly R n , E P and E A are then integrated numerically to estimate daily totals and changes in . Daily E A is limited individual species.
to the lesser of {E P , E A ( )}. At year-end, is carried forward to initialize the water balance for the next year (subject to the Water balance submodel constraint that it be at least one third of water holding capacity, The main purpose of the water balance submodel contained max ). Each day, is used to estimate daily soil water potential, within FORSKA2 is to simulate a daily water balance, which s (J kg -1 ) using a simple soil moisture retention function is then integrated to generate a seasonal water deficit index. (Campbell, 1985) of the form: The simulation of seasonal water balance used in FORSKA2 is also reported by Botkin & Nisbet (1992) for JABOWA II,
where S is the water supply coefficient from Federer (1982) (set D gs =(E P -E A )/E P (1) to 1.05) and e , b are the air-entry potential and the slope ln( s )/ln( ), set to -1.5 and 5.0, respectively, to represent a where E P , E A are potential and actual evapotranspiration rates, respectively, estimated on a daily timestep. Typically, E p is generic sandy-loam. (These values could be refined if sitespecific soil texture data are available.) Finally, D gs is calculated assumed to be from a well-watered vegetated surface, where canopy resistance to water vapour transfer is at a minimum.
from the mean of the estimated daily s (absolute value) totalled over the growing season, defined by Prentice et al. Such an approach is rather unsatisfactory for at least two reasons, particularly when E A is itself being estimated from E P .
(1993) as the period during which daily mean temperature exceeds 5°C for broadleaves, or -4°C for conifers. Empirical First, obtaining meaningful estimates of daily E P from the basic climate data used by FORSKA2 is virtually impossible. Even scaling factors were required to produce reasonable results: for conifers, D gs is multiplied by 2.0, but for broadleaves, it is if important data such as atmospheric humidity and wind speed are available, vegetation factors such as aerodynamic and multiplied by 2.5. This indicates that the broadleaved species (particularly aspen) are relatively less susceptible to drought canopy resistance are likely to vary with stand age and species composition-making a credible estimate extremely difficult.
effects than implied by the values of parameter DRI given in Table 1 . Second, E P is typically expressed as some positive correlate of atmospheric saturation vapour pressure deficit (D 0 ) (e.g. see
Compared to the original water balance submodel, the only additional data requirements were monthly averages of daily McKenney & Rosenberg, 1993) . The daily time-course of D 0 is nonlinearly dependent upon air temperature, and cannot T max and T min instead of T mean . Data obtained from the Hydrological Atlas of Canada (Fisheries and Environment readily be simulated from monthly data. Furthermore, many tree species (including most conifers) respond to increasing D 0 Canada, 1978) , were used to calibrate the new submodel, enabling it to produce more realistic estimates of daily and by stomatal closure, thereby regulating E A . The relationship between E A and E P is therefore often strongly nonlinear, and seasonal E A , and of annual runoff, at least for the region of the BFTCS. The main difference is that simulated seasonal soil requires careful consideration. The original version of FORSKA2 attempted to recognize this fact by limiting E A to water deficits are less severe on average than those obtained using the original submodel; but when driven by a variable the lesser of E P and the rate of water supply from the soil, referred to here as E A ( ), estimated using a function first climate record, interannual variations in the climate data will simulate more extreme droughts in some years. proposed by Federer (1982) . FORSKA2 does not, however, Drought response function essence, this formulation is a representation of the effects of sites where surface saturation or ponding occurs for significant Initial tests with variable climate data showed that the general sensitivity to extreme drought conditions needed to be reduced periods. Furthermore, maximum growth is shifted to values of D gs > 0, resulting in a generally greater tolerance to more to maintain similarity with the results of earlier studies. The original drought-effect formulation proposed by Botkin & extreme soil water deficits, and helping to compensate for the effects of interannual variations outlined in the introduction. Nisbet (1992), as used in FORSKA2, calculates the relative growth rate, G d (a multiplier which simulates the reduction It should be noted that equation 4 allowed the species parameter values for R d used in earlier simulations driven by climate from optimal growth attributable to the seasonally integrated soil moisture deficit, where 0=no reduction, and 1.0=100% normal data to remain largely unchanged. reduction) as:
Species parameters
For the simulations reported here, individual species parameters were derived mainly from Burns & Honkala (1990) as used In equation 3, R d is a species-specific 'drought resistance index' in the range 0-1.0 (parameter DRI in Table 1 ), and D gs represents by Price et al. (1993) and Price & Apps (1996) , with slight modifications (discussed below) intended to account for the soil moisture deficit, integrated over the growing season, as a fraction between 0.0 (meaning the soil is at or above field change from 30-year climate normals to a varying climate record. Some parameters were derived from other gap models capacity all season) and 1.0 (meaning that the soil is at or below wilting point all season) (see also Fig. 1-dashed lines) .
where appropriate (e.g. drought tolerance indices were based on those used by Botkin & Nisbet (1992 In reality, some species, notably black spruce (Picea mariana predicted for the wetter northern sites, under current climate conditions, producing greater consistency with field (Mill.) B.S.P.) and tamarack (Larix laricina (Du Roi) K. Koch), appear to have an advantage on wetter sites, such that in the observations. In general, white spruce still dominated, however, even at locations where in reality black spruce would be more northern part of the BFTCS transect area, shallow-rooting P. mariana typically dominates the woody vegetation over much common or dominant. Part of the explanation for this is that white spruce is less 'fire-tolerant' than black spruce, and seeds of the landscape, even in permafrost areas (S. C. Zoltai 1995, Canadian Forest Service, Edmonton, pers. comm.).
less prodigiously following fire (Suffling, 1995) . The simulated biomass of white spruce (Picea glauca Clearly, local topography is also a critical factor governing microsite hydrology; thus, even in northern Manitoba, pure (Moench) Voss.) also increased at sites in the middle of the ecoclimatic gradient (mid-transect), while that of the pine stands of jack pine are common on freely draining sandy bluffs. Because FORSKA2 uses a simple bucket model, which does species was reduced. In reality, white spruce can be found on a wide variety of sites throughout the North American boreal not 'store' water above field capacity, and does not consider the effects of permafrost, it cannot simulate the effects of high zone and extending into the woodland tundra (up to 69°N in the Yukon), though not on the wet sites characteristically water tables on species survival. In order to overcome this problem, an ad hoc modification to equation 3 was introduced, occupied by black spruce. White spruce is known also to occur naturally on north-facing river canyon slopes well into the as follows:
prairies (as far south as 50°50′N in Alberta). Hence the
widespread occurrence of white spruce in these simulations was considered acceptable. On the other hand, pines persistently where d 1 , d 2 are tuned parameters which affect, respectively, the sensitivity of the drought response and its offset from D gs = appeared in the simulations of forest composition at the southern sites, where they are not present in reality, raising 0, as illustrated in Fig. 1 (solid Values for climate-related parameters, such as minimum required average number of growing degree days (MINGDD), deficit is small. Winter snowfall contributes to filling the available bucket-even when frozen. Hence, any snowfall which and the mean temperature of the coldest month at which that species can survive (MINTC), were established as described in would cause the bucket to overflow is immediately lost from the site. This was not considered a serious problem for the Prentice et al. (1993) , by comparing maps of these climatic parameters with species distribution maps published in Burns water balance calculations because for the period when temperatures are low, calculated E A is small, causing the bucket & Honkala (1990) . In early tests of the model, simulated biomass and species composition were found to be particularly to remain almost full until the start of the growing season. In sensitive to values of the species-specific growth constant (GSC) return interval of 100 years was assumed (a reasonable approximation for the average fire return frequency under that is derived from consideration of each species' shade tolerance and initial height growth (Leemans & Prentice, 1989) . recent climate conditions, partly because fire suppression has been more effective in the south). Intervals between individual The value of GSC for Populus tremuloides Michx. (North American trembling aspen) was increased to give it faster initial events for each patch were calculated using the Weibull function, with the probability of disturbance increasing linearly growth, compared to values used in the earlier papers.
In common with , it was also found with patch age (simulated years elapsed since the last disturbance), i.e. the Weibull 'shape' parameter was set to 2.0. that the values for seedling establishment rate (EST) generally needed to be set higher than those previously used for European Average above-ground biomass values (Mg ha -1
) simulated for years 601-800 were used to estimate above-ground C densities, species. As mentioned previously, black spruce is better adapted than white spruce to regeneration following fire, while jack assuming the C content to be 50% of dry mass. pine (Pinus banksiana Lamb) and lodgepole pine (Pinus contorta Dougl. ex. Loud.) both seed prodigiously following RESULTS fires (due to serotinous cones), allowing them to occupy the site very rapidly. Hence higher values of EST were used for For ease of comparison with the companion papers (Price et al., 1999; this volume; Peng et al., 1998) , all biomass densities these species than those used in Price & Apps (1996) ; in addition, FORSKA2′s establishment routine was modified slightly to reported here are expressed in Mg C ha -1
. Typical simulation results are shown for Prince Albert climate station located at increase the number of saplings of all species established, but only in the first year following disturbance. These changes 53°13′N, 105°41′W, close to the southern edge of the boreal forest (Fig. 3) . were intended to give black spruce and the pine species greater opportunity to occupy the site promptly, before being subjected to competition from more shade-tolerant species such as white Effect of using a varying climate record spruce.
The simulated changes in forest biomass C at all sites showed greater extremes when driven by the varying (monthly actual) Sensitivity tests climate record, than when driven by the constant (monthly mean) record. This result can be explained primarily by the Sensitivity tests were carried out to assess the possible effects of variations in soil moisture deficits, and the consequences for effects of variation in rainfall and its consequences for the annual water balance. At southern sites particularly, years of forest biomass productivity and species composition. Because the only driving variable influencing the simulated soil moisture low rainfall contributed to reduced productivity and greater tree mortality, while years of high rainfall produced greater deficit was monthly precipitation, a series of runs were carried out with monthly P t increased or decreased by 25 and 50% productivity and increased establishment of new saplings. In some cases, sequences of two or three dry years caused mortality (i.e. five runs for each of eleven climate stations were performed with the modified model). In addition, the results of using the of large numbers of trees in many simulated patches-resulting in very abrupt decreases in live biomass, from which the varying climate record were compared to those obtained using averaged data, calculated from the same data sets. Single simulated ecosystem required several years to recover (Fig. 2) . The species composition at some sites was also markedly reference runs were performed for each climate station using the original unmodified model, driven by the averages of the more realistic when simulated by the modified model, using the varying climate record, particularly in the southern portions detrended monthly climate data and species parameters as used in Price et al. (1993) and Price & Apps (1996) . of the transect. Figure 3 (b) shows a forest dominated by pines and birch, whereas Fig. 3(a) shows much less birch and greater Ecosystem indicators of above-ground forest growth (biomass, basal area, stem density and annual productivity for proportions of aspen and white spruce. In reality, much of the forest in this area is dominated by jack pine, but aspen and each of twelve major and seven minor tree species) were generated as the averages from 200 simulated 0.1 ha patches, white spruce are also common. Figure 4 compares estimates of total simulated biomass at for the duration of the 800-year synthetic monthly time-series data, on a 1-year timestep, following Lauenroth (1996) , Price all stations produced under the varying and averaged climate records. Annual variations in the climate record generally & Apps (1996) and Bugmann et al. (1996) . Based on field observations, max was assumed to be 200 mm at the northernproduced slightly greater simulated biomass C densities than the averaged records, particularly at the more southerly most sites (Churchill to Wabowden), 150 mm at the four midtransect sites (Flin Flon to Prince Albert) and 100 mm at the locations, with exceptions occurring at Flin Flon. By comparison, the latitudinal trend in simulated biomass C three southern-most sites.
Disturbance events were generated stochastically, and density under the averaged climate is much smoother, except for an abrupt decline between Waskesiu Lake and Nipawin assumed to completely destroy all above-ground biomass in the affected patch. There is evidence that mean disturbance not supported by field observations. The more gradual decline southward from Waskesiu Lake produced by the varying climate intervals increase toward the north of the transect area, and that disturbances were more frequent prior to 1920 than record seems more realistic. The greater biomass values obtained under the varying climate were not expected, but currently. To facilitate comparison of averaged and constant climate effects, however, a constant root mean square (r.m.s.)
probably reflect the parameter tuning needed to obtain realistic Figure 2 Effects of climate variation on biomass growth and mortality simulated by FORSKA2 at Prince Albert, Saskatchewan (53°13′N, 105°41′W), using data from the period 1884-1992 replayed to create a synthetic 500-year time-series. In this simulation only, the output reporting interval was set to one year. (a) detrended precipitation record obtained from climate station data, and simulated annual actual evapotranspiration (E A ). (b) simulated mean annual soil water content ( ) (assuming 100 mm water holding capacity) and simulated biomass density (calculated as the mean from 200 simulated patches). Note the correlations between low precipitation, low E A and significant decreases in . The latter leads to major decreases in total biomass due to mortality.
relative distributions of species and biomass along the transect. sites located in this area. Finally, the varying climate record does not suppress forest biomass so dramatically in the grassland In other words, simulated absolute biomass values at individual station locations are not as important as the overall relative locations (where aspen is the dominant tree species) as under the averaged climate record, which may be more realistic when values along the transect when assessing model performance for the regional applications reported here.
the actual occurrence of woody vegetation is considered on a spatially averaged basis. Pines do not occur widely in this The effects of using varying climate data instead of monthly climate averages on species composition simulated by region, possibly because grassland fires were too frequent to allow their establishment prior to European settlement while FORSKA2 are summarized in Table 2 . The most obvious improvement resulting from the varying climate record is that agricultural and urban development hindered subsequent natural migration. Such a hypothesis agrees with Suffling (1995) it greatly reduces the biomass of spruces at Churchill, but increases them at Gillam, resulting in a much better who found that pines would be excluded when simulating the effects of frequent fires on distribution of pines and aspen in representation of the tundra-boreal transition. In addition it shifts the main densities of pines, 'other conifers' and the Canadian southern boreal. This is the major justification for omitting pines from the species parameter list for the hardwoods, southwards, in keeping with reality (the exclusion of pines from the southern sites is of course due to their grassland locations. By comparison, aspen is able to survive frequent fires and periods of drought by vegetative regeneration removal from the species list). The occurrence of other conifers is boosted toward the central part of the transect, but inspection from an extended root system. An additional contributing explanation may be that pines are 'drought avoiders' rather of the data indicates that this is due mainly to increased occurrence of balsam fir (Abies balsamea (L.) Mill.), which is than 'tolerators', with a deep-rooting habit enabling them to extract water from relatively great depths on freely draining consistent with reality, particularly for productive mixed-wood soils, but only where annual rainfall is sufficient. This northern sites are not currently water-limited. The responses at Rosthern and Saskatoon are puzzling, since total simulated distinction between drought tolerance and drought avoidance is not currently handled by FORSKA2, although it may help biomass under increased precipitation exceeds that at Prince Albert, which is situated somewhat to the north. The increase to explain the need for the stronger drought scaling factor for deciduous species reported in the Methods section.
in simulated precipitation appears to be creating near-optimal conditions for abundant aspen growth (when temperature regime is unchanged). This might be an artefact related to the Sensitivity to changes in precipitation higher summer global solar radiation values used for these sites. Clearly, the higher radiation intensities observed at locations in Figure 5 shows the effects on FORSKA2's predictions of spatially averaged total biomass along the transect, when all the prairies are related to lower rainfall in this region, but there is only a weak feedback in the environment submodel to monthly rainfall data are either increased or decreased by 25 and 50% relative to the median record. There is an obvious account for the implied relationship between rainfall and cloud cover. sensitivity to changes in precipitation. A reduction of 50% practically eliminates woody biomass production from Waskesiu lake southward and creates major reductions elsewhere. Black spruce virtually disappears, while pines and DISCUSSION aspen become common. A 25% reduction in precipitation has a less severe impact, but still nearly eliminates woody biomass
The implications of this study for the effects of possible climate change on boreal zone vegetation must be treated with some from Prince Albert southward. Black spruce almost disappears from the mid-transect, while pine and aspen increase. Hence, caution. When driven by a variable climate record a suitably modified version of FORSKA2 significantly improved the the model appears sensitive to changes in annual water balance, which sometimes trigger significant changes in species realism with which the model predicted latitudinal changes in species composition, though it produced only minor changes composition. Biomass production at Thompson remains high under reduced precipitation, probably because the climate in predicted biomass. The assumption of a constant disturbance interval at all record for this station exhibits significantly higher mean annual rainfall compared to other stations north and south. This may points along the transect is an additional unrealistic approximation. In reality, disturbance intervals are longer in be an artifact due to the relatively short period for which climate data are available (e.g. the Wabowden record overlaps the north and shorter in the south. Hence lower average biomass densities, particularly in the south, would be expected with that of Thompson for about 5 years, when the precipitation data agree quite closely, although the long-term average for under both averaged and varying climate records. Furthermore, the incidence of disturbances under a warmer climate is likely the Wabowden data is significantly lower).
Simulated responses to increased rainfall are more variable. to increase, because the frequency of extreme climatic events which cause fires is expected to increase (Flannigan & Van Sites from Nipawin southward tend to show increases in biomass accumulation-as would be anticipated for these Wagner, 1991; Baxter, 1995; Bergeron & Flannigan, 1995; Stocks et al., 1996) . If simulated disturbance events could be typically water-limited areas-due mainly to increases in the proportions of spruces. At the northern end of the transect, related to the occurrence of monthly or seasonal climate extremes (e.g. using the simulated seasonal water balance as however, increases of 25 and 50% in precipitation generally result in little change in either simulated biomass density or an index), then the varying climate record might be expected to produce greater losses due to disturbances in hot dry species composition. This result suggests that most of the years-losses which might outweigh all the gains due to greater projections. Lindner et al. (1997) reported that FORSKA was not able to reproduce the effects of a water availability gradient productivity in cool wet years.
as well as FORCLIM when simulating forest responses in northern Germany. The apparent better performance of the Sensitivity to growing season water deficit modified version of FORSKA2 in the present study is believed to be due to a combination of two factors: first, the improved Recent work by Hogg (1994) and Hogg & Hurdle (1995) supports the hypothesis that the southern extent of the boreal water balance submodel, and second, larger differences in seasonal water balance, simulated over the much greater forest in central Canada is strongly dependent upon the frequency and intensity of growing season soil moisture deficits.
distance of the BFTCS. In retrospect, the modified model might even be considered In this study, the simulations with FORSKA2 using synthetic time-series data produced significant variation in average abovetoo sensitive (at least in terms of biomass losses due to drought), but a possible explanation for this is that the model is not ground biomass density that were clearly related to years of extreme drought (Fig. 2) . Evidently, moisture availability was really accounting for spatial variability in site and soil hydraulic properties. If it were possible to represent this spatial variability, reduced to the point where individual tree mortality increased significantly compared to years with less extreme droughts. In e.g. by assigning differing water holding capacities to different patches, the average impact of a simulated drought might be previous simulations, where 30-year climate normal data were used, anomalous drought effects on forest development did not lowered. These results provide two important observations regarding manifest, because the climatic extremes were averaged out of the record (Price & Apps, 1996) . Hence species would only the use of forest gap models to assess potential impacts of climate change: (1) small systematic changes in the annual site succumb in these earlier simulations to drought at locations where averaged (rather than extreme) climatic conditions were water balance (due to changes in precipitation, for example) may produce significant changes in simulated forest species sufficiently harsh.
FORSKA2′s sensitivity to simulated drought is similar to composition and biomass, depending on whether the simulated ecosystem is close to a 'water balance threshold'; (2) such that reported by Fischlin et al. (1995) for the FORCLIM model. These authors observed significant variation in simulated forest sensitivity in the model may be realistic-e.g. boreal species composition and productivity can change markedly over very structure within the range of error expected from GCM climate Figure 5 Sensitivity tests of effects of varying precipitation levels by±25% and±50% of recorded values on spatially averaged above-ground biomass C density, and individual species contributions, as simulated by FORSKA2 for current climate conditions. These results were obtained using the detrended variable climate synthetic time-series data and a modified water balance submodel. Species names as indicated in Figure 2. short distances (i.e. across 'patch boundaries') where the most the parameter modifications required to make the model run successfully also resulted in estimates of biomass distribution obvious environmental changes are often in soil water and nutrient availability. These suggest a relatively simple that were slightly greater than earlier estimates (and in comparison with real data). These results demonstrate the improvement to boreal patch models where topographic effects on local soil hydrology could be used to simulate differences need to consider effects of climatic variation when using such dynamic simulation models. in forest composition at individual locations. Essentially, differences in patch elevation would be used to determine whether drainage of excess moisture increases (for lower ACKNOWLEDGMENTS elevation patches) or decreases (for higher elevation patches) the monthly soil water content relative to that obtained by This work was funded, in part, by the Climate Change Network assuming all precipitation is distributed evenly across the of the Canadian Forest Service. C. H. Peng acknowledges landscape. Effects of these changes in soil water content on receipt of a Visiting Fellowship from the Natural Sciences and site temperature could also be considered.
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